Introduction
Within the past few generations, both developed and developing countries have witnessed rapid increases in average life expectancy. Initially, this was attributed to large decreases in mortality at younger ages, due mainly to reduction in infant mortality from better public health practices (Vaupel 1997) . This was followed by a large reduction in late-life mortality. These changes are unprecedented on an evolutionary time scale and demonstrate significant environmental influences on human lifespan. However, the observation of large variations in the rate of aging and maximum lifespan between species points toward genetic factors as exceedingly important, particularly with regards to determining the essential lifespan potential of a species. In fact, multiple genes in many species have already been shown to affect lifespan. For example, over 70 genes have been found to influence lifespan in the worm model C. elegans (Braeckman and Vanfleteren 2006) .
On the one hand, this complexity has led many researchers to conclude that the genetic contribution to human lifespan is far too complex to be meaningfully studied. However, significant extension of both mean and maximum lifespan has already been accomplished through genetic means in lower species including worms, fruit flies and mice (Lin et al. 1998; Guarente and Kenyon 2000; Arantes-Oliveira et al. 2003; Warner 2005) . Moreover, this recent progress in identifying longevity-associated genes (hereafter referred to as "longevity genes") in animal models combined with the advances made through the Human Genome Project and the development of more refined genomic technology should make it possible to identify longevity genes in humans as well.
Extended lifespan, induced by genetic manipulations on less complex organisms, does provide some compelling support for the concept that genes can modify lifespan. The fact that many of these genes are evolutionarily conserved suggests that primitive biological pathways exist from lower organisms to humans that may profoundly impact upon longevity . However, extrapolating results from lower organisms to humans should be done cautiously because of the complexity of human biological and sociocultural systems and because lifespan and causes of mortality in humans are not the same as those in other species. Human populations are characterized by specific gene pools that arise from the unique sociocultural and historical experiences and population movements of particular ethnic groups. Thus, in humans culture and biology are inextricably linked phenomena.
It has been hypothesized that persons who live exceptionally long lives, such as centenarians, do so in large part due to genetic variations that either affect the rate of aging and/or have genes that result in decreased susceptibility to age-associated diseases (Cutler 1975; Schachter 1998; Perls and Terry 2003) . For example, it has been found in studies of exceptionally long-lived individuals that many experience delayed onset of major chronic (age-related) diseases until very late in life, often past eighty years of age or later (Evert et al. 2003) .
There exist a number of potential genes and regulatory pathways where centenarians may hold a genetic edge over the rest of the population. This article will review some of the most promising candidate genes and pathways that have been found thus far and in the process suggest that centenarians may be promising subjects for future discovery of genetic determinants of human longevity. It will end with a discussion of some of the challenges that currently face researchers and examine different approaches that are currently being undertaken to overcome them. Throughout the article insights from the study of centenarians in Okinawa (Okinawa Centenarian Study) will be highlighted and the unique attractiveness of genetic isolates for the future of genetic investigations will be stressed.
The Okinawa Centenarian Study (OCS): a brief introduction
The OCS is the world's longest-running populationbased study of centenarians. Beginning in 1976 and ongoing, over 900 centenarians have been examined in their own homes, which represents almost a third of all centenarians who have ever existed in the Japanese prefecture of Okinawa. The purpose has been to better understand the genetic and environmental factors contributing to the exceptional longevity of the inhabitants, who are the longest-lived of the Japanese (Sanabe et al. 1977) . Although much of the work in the OCS has been cross-sectional and retrospective, its population-based design has helped limit the selection bias towards healthier subjects often seen in other studies of centenarians.
Okinawa also has the highest prevalence of centenarians in Japan despite long-standing socioeconomic disadvantages relative to other Japanese (Cockerham et al. 2000) . The high prevalence of very old individuals further suggests that genetics may have played an important role in their survival advantage. However, as of yet, the relative genetic and environmental contributions to the longevity phenotype are still unknown and sociocultural and historical factors are also likely playing an important role.
Okinawans have been the most culturally and geographically isolated of Japanese subpopulations, and they remain resistant to acculturation into the surrounding dominant culture of Japan (Allen 2002) . The Okinawans possess a distinctive identity, language, social organization and religion, as well as unique art forms and dietary habits (Lebra 1986; Kerr 2000) . Okinawans tend to have large families (highest birthrate within Japan) and relatives often live either in the same household or in nearby cities, towns or villages. Okinawans have traditionally married within their own villages (Lebra 1986; Kerr 2000) , increasing the likelihood of a high inbreeding coefficient that may have resulted in clustering of genetic variants affecting health and longevity. Until recently there has been little evidence of substantial gene flow for centuries, resulting in what appears to be less genetic variability in Okinawans than in other Japanese (Tanaka et al. 2004 ). Genealogical and historical village records are extensive.
The genetic contribution to healthy aging and exceptional longevity has been a primary research area of the OCS. In 1985, in order to assess the genetics of exceptional longevity the first extensive study of centenarian pedigrees was conducted and showed that more long-lived siblings exist in centenarian families (Suzuki et al. 1985) compared to their age matched birth cohort. This work was followed by the first study on the genetics of human longevity using centenarians as a study model, which showed that Okinawan centenarians tended to possess specific type-2 HLA patterns that favor DR1 homozygosity and lower risk for inflammatory disease (Takata et al. 1987) . We later replicated this study (Akisaka et al. 1997) and extended the results to other HLA alleles. Some of these findings have been replicated in other populations and inflammation has since become a major focus of studies in CVD and aging (Franceschi et al. 2000; Capri et al. 2006; Candore et al. 2006; Davis and Kipling 2006) . The OCS also first reported that cardiovascular health is an important survival factor for centenarians and part of this phenotype includes high HDL levels (Chan et al. 1997a; Suzuki et al. 2001) . This finding has been replicated in Ashkenazi Jewish centenarians and at least two genetic variants have recently been found that may offer a partial genetic basis for this phenomenon (Geesaman et al. 2003; Atzmon et al. 2004; Barzilai et al. 2003) . Other OCS studies have defined biochemical and hematological factors (Chan et al. 1997b) , hormonal patterns , measured bone density , characterized nutritional habits Chan et al. 1997a; Suzuki et al. 2001 ) assessed cognitive status (Ogura et al. 1995) and verified phenotypic findings with autopsy study (Bernstein et al. 2004) .
Discerning true genetic effects from familial patterns in a population is always a challenge due to the fact that families not only share genes in common but families also tend to share common environmental habits. Clearly, some environmental factors do seem to be playing a part in the Okinawan longevity phenomenon-particularly the traditional diet (Willcox 2005) . The traditional Okinawan diet includes low-caloric density, plant-based foods such as sweet potatoes, green and yellow vegetables, soy products, fish, and limited amounts of meat (Sho 2001; Suzuki et al. 2001; Willcox et al. 2004) . Consistent with their low caloric intake, older Okinawans share several characteristics of the caloric restriction phenotype as part of their exceptional longevity phenotype, including short stature, low body mass index, and high HDL levels relative to other Japanese (Kagawa 1978; Chan et al. 1997a; .
Interestingly, this phenotype shares several similarities with certain animal models of longevity (Chan et al. 1997b; . For example, several spontaneous or experimentally induced mutations that hinder growth hormone biosynthesis and growth hormone actions, or increase sensitivity to insulin or IGF-1 induce an exceptional longevity phenotype in mice and some other animal models . The average lifespan of these mutants increases on the order of 20% to 70% depending on the particular hormonal alterations, gender, diet, and/or the genetic background of the strain. The extended longevity of these mutants is thought to result from lower insulin and IGF-1 levels, higher insulin sensitivity, metabolic changes in carbohydrate and lipid metabolism, reduced production of reactive oxygen species, enhanced antioxidant defenses, greater resistance to cytotoxic stress, and delayed onset of age-related diseases Tatar et al. 2003; Bartke 2005 ).
However, a major nutrition transition has taken place in post-war birth cohorts, mainly from the 1960s, and the traditional diet has increased in caloric density with a concomitant mild increase in caloric intake (Todoriki et al. 2004; Willcox 2005) . This has been coupled to a decrease in physical activity and the resultant positive energy balance is associated with higher body weight and body mass index in postWorld War II cohorts. Yet, the persistence of some of the characteristics of the caloric restriction phenotype in these cohorts, such as shorter stature, and low risk for some chronic age-related diseases, despite the environmental changes, suggests that genetic factors have played an important role in the longevity phenotype in Okinawa .
Unlike many countries, such as the U.S. in the early 20th century, the current centenarian and near centenarian birth cohorts in Okinawa had relative homogeneity with respect to socioeconomic status and lifestyle. This includes moderate smoking and alcohol consumption, abundant and consistent physical exercise, similar dietary routines, similar access (or lack of access) to healthcare, and a relatively equitable distribution of wealth. This reduces sources of non-genetic variation and makes Okinawa a rare and attractive locale for genetic studies of longevity and healthy aging. For instance, genome-wide association studies may be especially powerful in genetic isolates owing to their increased linkage disequilibrium and decreased allele diversity (Service et al. 2006) . The potential and challenges of such studies and other study designs will be discussed in more detail at the end of this article.
Familial clustering of exceptional longevity
From a demographic perspective it seems logical that as the force of mortality increases with advancing age there will be a progressive elimination of those individuals with less favorable genetic polymorphisms (gene variants) so that at exceptional ages (such as centenarians) there comes to exist an enriched gene pool for the study of genes associated with exceptional longevity. However, evolutionary theory posits other mechanisms, such as "antagonistic pleiotropy," that may actually benefit the health and fitness of younger organisms (of reproducible age) but that can have deleterious effects in older organisms and therefore contribute to aging and risk of ageassociated disease (Gavrilov and Gavrilova 2002; Capri et al. 2006) .
It has also been hypothesized that genetic polymorphisms may play an even more important role in determining survival at extremely advanced ages. Although family studies have indicated that a modest amount (about 20-30%) of the overall variation in human adult lifespan is due to additive genetic effects it has been unclear whether or not genetic factors become increasingly important for survival at the oldest ages. A recent report suggests that this may indeed be the case. Hjelmborg et al. (2006) studied the genetic influence on human lifespan and how it varies with age using the near extinct cohorts of Danish, Finnish and Swedish twins born between 1870 and 1910 and found that genetic influences on lifespan are minimal prior to age 60 but increase thereafter. In addition, a number of recent studies have also indicated moderate to substantial genetic influence on late-life physical functioning (Christensen et al. 2000; Christensen et al. 2002; Frederiksen and Christensen 2003) as well as cognitive functioning (McClearn et al. 1997; Gatz et al. 2006) .
Familial aggregation of longevity has been observed in many diverse populations. For example, in the Utah Population Database, Kerber et al. (2001) found a significant familial relationship in longevity among relatives of long-lived study members including more remotely related members. In Denmark, Frederiksen et al. (2002) found that parental lifespan was positively associated with offspring's physical and cognitive functioning as well as disease-free survival in a large, cross-sectional population-based survey. Analyzed separately, the effects of the mothers' and fathers' ages at death were similar to the combined results. Longer parental survival was associated with reduced odds of having diabetes, hypertension, coronary heart disease (CHD), congestive heart failure, and stroke. Similarly, a relationship between parental longevity and successful aging in elderly males in the U.S. has been reported (Vaillent 1991) . Data from centenarian studies in Ashkenazi Jews also has produced similar results (Atzmon et al. 2004 ). Moreover, most such studies underestimate any real association between parental lifespan and their offspring's traits because they are cross-sectional and based on interview data, which is more prone to recall bias.
Similar results supporting genetic influences upon longevity have been found for studies of siblings of centenarians. For example, one study found that compared to the rest of the U.S. birth cohort from the year 1900, male siblings of centenarians were at least four times as likely to achieve the age of 90 years and 17 times as likely to attain age 100 or beyond (Perls et al. 1998) . We have also found that siblings from our population-based study of centenarians in Okinawa had even more impressive survival rates ( Figure 1 ). We analyzed the pedigrees of 348 centenarian families with 1,142 siblings and compared sibling survival with that of the 1890 Okinawan general population cohort. Both male and female centenarian siblings experienced approximately half the mortality of their birth cohort-matched counterparts ). This mortality advantage was sustained and did not diminish with age in contrast to many environmentally based mortality gradients, such as education and income. Cumulative survival advantages for this centenarian sibling cohort increased over the lifespan such that female centenarian siblings had a 2.58-fold likelihood and male siblings a 5.43-fold likelihood, versus their birth cohorts, of reaching the age of 90 years. These data support a significant familial component to exceptional human longevity .
Potential longevity enhancing genes and regulatory pathways
Metabolism-related genes and pathways Studies in model organisms suggest that lifespans may be partially regulated by the insulin/IGF-1 signaling pathway. Growing evidence suggests that disruption of the insulin/IGF-signaling cascade can significantly extend lifespan in diverse species, including yeast, nematodes, fruit flies, and rodents (Longo and Fabrizio 2002; Tatar et al. 2003; Bluher et al. 2003; Warner 2003) . For example, model organisms with mutations in the genes daf-2, age-1 and daf-16 in nematodes; sch9 and CYR in yeast; InR, Rpd3, mth, Indy, and chico in fruit flies; and Prop1 and Pit1 in mice all share similar phenotypes, including smaller body size and increased longevity (Clancy et al. 2001; Gems and Partridge 2001; Lin et al. 1998 Lin et al. , 2001 Rogina et al. 2000) . Other important phenotypic characteristics include reduced insulin signaling, enhanced sensitivity to insulin and reduced plasma levels of insulin-like growth factor-1 (IGF-1). These characteristics, along with subsequent reduced oxidative damage and increased resistance to cytotoxic stress, may be part of an evolutionarily conserved common pathway .
The few human studies on reduced insulin/IGF-1 signaling and human longevity appear to be supportive of findings in animal studies but with some caveats. For example, a case-control study has reported low levels of free plasma IGF in long-lived humans were due to the presence of a specific IGF1-R allele and that different combinations of IGF1-R and P13KCB alleles were shown to influence free-plasma IGF-1 levels as well as longevity . Gene variants causing reduced insulin/IGF-1 signaling (especially insulin signaling component of GH-1) have also been found among long-living Dutch women . However, genetic mutations causing IGF-1 (and GH) deficiencies in humans have also been associated with functional problems and diseases. For example, human gene variants analogous to the prop-1 mutations that extend longevity in mice have been associated with defects that include dwarfism, wrinkled skin and intellectual deficiencies. Interestingly, although few cases have been followed over the lifespan, several of these cases are over the age of 90 years (Longo and Finch 2003) .
Reduced levels of plasma glucose and/or insulin/ IGF-1 through environmental manipulations such as caloric restriction have also been associated with increased lifespan of numerous species, including humans, and have therefore been suggested as "biomarkers" of aging. For example, the Baltimore Longitudinal Study on Aging noted that healthy men who displayed three "biomarkers of the CR phenotype"-lower insulin levels, lower body temperature and a slower decline in levels of the hormone dehydroepiandrosterone sulfate (DHEA-S) also had significantly longer survival (Roth et al. 2002) . Furthermore, similar findings have also been seen in a Japanese American cohort where blood glucose in middle age strongly predicts survival (Rodriguez et al. 1999) . Finally, a recent study in Japanese semi-super-centenarians (defined as survival to age 105+ years) examined polymorphic variations in six genes involved in insulin/IGF-1 signaling. This study found one INSR haplotype (composed of two SNPs in linkage disequilibrium) to be more frequent in the centenarians when compared to younger healthy controls (Kojima et al. 2004 ).
Immuno-inflammatory response genes and pathways
Chronic, low-grade inflammation has been suggested to play an important role in human aging (Franceschi et al. 2000; De Martinis et al. 2005; Capri et al. 2006; Candore et al. 2006; Davis and Kipling 2006; Gupta et al. 2006; Peila and Launer 2006) . High circulating levels of cytokines in the blood such as interleukin (IL)-6, C-reactive protein (CRP) and tumor necrosis factor (TNF), among others, have been associated with many age-related diseases, the end result of which is impaired functioning and earlier mortality. Age related increases of IL-6 levels have also been reported, particularly in those elderly undergoing chronic stress (Kiecolt-Glaser et al. 2003) ; and 'in vitro' addition of IL-1 and TNF-α to fibroblasts has been shown to induce an accelerated senescent phenotype (Capri et al. 2006) .
Studies have shown that polymorphisms in the IL-6 promoter region appear to affect gene transcription and that a SNP (C174G) has been associated with reduced transcription and improved outcome in a variety of diseases, including several autoimmune conditions, CHD, and some cancers (DeMichele et al. 2003) .
On the other hand, studies of centenarians in different geographic locations have been conflicting. Pes et al. (2004) suggested that cytokine-longevity associations may have a population-specific component, being affected by the age and populationspecific gene pool as well as by gene-environment interactions. No doubt, one of the main confounding factors in these kinds of case control association studies is undetected differences in genetic background among different populations. To avoid this, Hurme et al. (2005) collected the mortality data of a cohort of 285 nonagenarians (representing mortality between 90 and 95 years of age) and correlated these to the IL-6 genotype. They found that the frequency of -174 allele G was clearly higher in the survivors than in the non-survivors. Although these are exciting findings more research on this polymorphism is needed before any definitive conclusions can be drawn.
Particular alleles of the HLA II locus on chromosome 6 have been shown to vary in prevalence between young and very old members in some ethnic groups suggesting that this locus may have some influence on human longevity. This was also an early area of investigation for the OCS. For example, comparing phenotype frequency of HLA genetic variants in Okinawan centenarians to that of younger controls (mean age of 66 years) revealed that the frequency of HLA-DRw9 was significantly lower but that there was an increased frequency of DR1 (Takata et al. 1987) .
DRw9 is associated with inflammatory and autoimmune or immune deficiency disease while DR1 seems to offer some protection from these diseases.
Later studies demonstrated that gene frequencies for other HLA alleles also differed between Okinawan centenarians and adult controls from the surrounding areas (Table 1) . Allele frequencies of other HLA alleles differed in centenarians compared with those of adult controls who were selected from the same vicinity as the centenarians. The following differences were identified: for the HLA-DQ genes (B1 and A1) the frequencies of DQB1*0503, DQA1*0101 (04) and DQA1*05 were increased in the centenarians, whereas those of DQA1*0102, DQA1*0103 and DQB1*0604 were decreased. Similarly, for the DRB1 gene, the frequencies of DRB1*0101, DRB1*1201 and DRB1*1401 were increased in the centenarians, whereas those of DRB1*0403 and DRB1*1302 were decreased (Akisaka et al. 1997; Akisaka and Suzuki 1998) . Therefore, it appears that Okinawan centenarians may be relatively protected from inflammatory and/or autoimmune diseases and that this may be promoting better survival.
However, a recent analysis of HLA-DQA and HLA-DQB frequencies in Sardinian centenarians revealed non-significant differences suggesting only marginal effects of the class II HLA genes on longevity (Scola et al. 2006) . A critical reappraisal of the studies on HLA genes, aging and longevity has exposed numerous methodological shortcomings such as insufficient sample sizes, different inclusion criteria and age cut-offs, inappropriate control matching, and neglected consideration of sex-related effects and the different genetic make-up of studied populations among others. Nevertheless, despite these shortcomings it was concluded that there appears to be some HLA gene variants associated with longevity while some of these alleles seem to confer an increased risk for early mortality, depending on life stage (youth, adulthood or older) or sex (Caruso et al. 2000) .
Telomere length
Studies have shown that telomeres are associated with cellular senescence and lifespan in model organisms of aging. Telomeres are protective structures at the end of chromosomes that consist of six recurring nucleotide bases (TTAGGG). Small amounts of these terminal sequences are lost with each cell division. The enzyme telomerase compensates for this loss by rebuilding telomeres. The negative correlation between telomere length and the ability to replicate in somatic cells coupled with an observed reduction in telomere length with age, has led to the suggestion that telomeres play a central role in the aging process.
Telomere length is heritable and varies among individuals of the same age and a possible association between telomere length, chronic diseases and latelife mortality has been suggested (Aviv et al. 2006 ). In the genetic disorder dyskeratosis congenital, telomere shortening is accelerated and patients experience symptoms of premature aging, premature onset of many age-related diseases, as well as early mortality. During the normal aging process, the loss of telomeric DNA in dividing somatic cells may lead to apoptosis, replicative senescence, or neoplastic transformation. Telomeres have been found to be shorter in persons with age associated diseases such as atherosclerosis, vascular dementia, Alzheimer's disease, osteoporosis, some cancers and even mood disorders, among others Bisoffi et al. 2006; Edo and Andres 2005; Honig et al. 2006; Panossian et al. 2003; Simon et al. 2006; Samani et al. 2001 ). Similarly, cross-sectional studies have repeatedly suggested that peripheral blood monocyte telomere length may be a biomarker of aging ).
However, not all studies have supported the putative relationship between telomere length and longevity (Bischoff et al. 2006) . For example, MartinRuiz et al. (2005) after an average time span of between 3.9 and 12.9 years but did not find telomere length at baseline to be predictive for mortality, cardiovascular disease, cancer or dementia. Moreover, in Japanese centenarians, Hirose et al. (1999) did not find telomere length to be correlated with physical functioning (as measured by ADL levels) or cognitive function. Interestingly, they did find that telomere length of female centenarians was longer than that of male centenarians. Currently, it is not known with certainty whether human telomere length is only a proxy for fundamental mechanisms that govern the course of aging or a key factor in its advancement (Aviv 2004 ).
Mitochondrial gene mutations and reactive oxygen species
Mitochondrial gene variants are among the top candidates for genetic factors that are associated with longer survival. There are several compelling reasons for this. One, mitochondria are the major site of energy production in cells and energy balance has been linked to aging and longevity (Lee et al. 2001) . Two, mitochondria are a major source of potential radical-induced cellular damage. Three, mitochondrial DNA and other subcomponents, due to their close proximity to the site of radical production, are at higher risk of damage and subsequent dysfunction. Genetic variation in mtDNA may lead to differences both in the functioning of the respiratory chain and in free radical production. In somatic cells, mitochondrial DNA (mtDNA) mutates at up to 20 times the rate of nuclear DNA (Merriwether et al. 1991 ) and these mutations accumulate with age. More than 250 pathogenic point mutations and rearrangements of the mitochondrial genome have been reported in a spectrum of clinical disorders, which exhibit prominent muscle and central nervous system involvement (Greaves and Taylor 2006) . The degree of age-related mutations in mtDNA also varies between people and may be associated with human aging (Chinnery et al. 2002) .
There are only a few major haplotypes of mitochondrial DNA in humans and an association between certain mtDNA haplogroups and longevity has been proposed. For example, Niemi et al. (2003 Niemi et al. ( , 2005 studied the frequencies of mtDNA haplogroups and haplogroup clusters among elderly subjects and controls in a Finnish population and found that haplogroups U and J were more frequent among nonagenarians. An Italian study of centenarians and younger controls also found that the J haplogroup was notably higher among male centenarians from the Northern region but a later Italian study failed to confirm this finding suggesting that the original findings were population specific (De Benedictis et al. 1999; Dato et al. 2004 ). Zhang et al. (2003) found a strikingly higher frequency of the C150T mutation in the replication control region of leukocytic mtDNA in Italian centenarians. In another study, the 150T mutation was also found to be more frequent among the very old in both Finnish and Japanese subjects (Niemi et al. 2005) . Interestingly, the association was not similar in all haplogroups, and a stratified analysis revealed that two additional common polymorphisms, 489C and 10398G, modified the association between 150T and longevity. The authors suggest that longevity is partly determined by epistatic interactions involving these three mtDNA loci. Tanaka et al. (2000) analyzed the mtDNA from Japanese centenarians and identified a longevityassociated mitochondrial genotype, Mt5178A that has been associated with less frequent occurrence of mtDNA mutations in the oocytes as well as possibly a deceleration of the accumulation of mtDNA mutations in the somatic cells with increasing age. The authors concluded that this genotype is likely to confer resistance to adult-onset diseases. More research is needed to confirm these preliminary studies but they suggest that certain haplotypes are associated with increased lifespan because they either modulate energy metabolism and oxidative damage and/or the rate of mtDNA mutation. Moreover, recent research has suggested that interactions between mtDNA and nuclear DNA variability occur in humans that can be interpreted as an "ancestral mtDNA/nDNA crosstalk" that affects aging and longevity (De Benedictis and Franceschi 2006) .
Stress resistance genes and pathways
Emerging findings suggest that many of the environmental factors that might promote healthy aging, such as caloric restriction or exercise, exert their effects through a hormesis-like mechanism (Masoro 2006) . Cells possess a variety of stress response signaling pathways that induce the expression of genes that encode protective proteins such as heat shock proteins, growth factors and antioxidant enzymes. Animal findings support this line of reasoning by showing that stress resistance at the cellular level (resistance to high temperatures, starvation, and damage from reactive oxygen species or ROS) correlates with length of life at the level of the organism (Lithgow and Walker 2002) . Several of these genes have human homologs.
Although the genes involved in stress resistance have yet to be explored in sufficient detail to make definitive conclusions regarding longevity related polymorphisms, some of the most promising appear to be related to the super oxide dismutases (SOD). Superoxide is among the most abundant ROS produced by the mitochondria. There is increasing evidence that ROS are not only toxic but also play an important role in cellular signaling and in the regulation of gene expression (Ishii et al. 2006 ). Superoxide and other ROS can damage cellular machinery and levels of oxidative damage products have been positively correlated with characteristic features of aging (Sampayo et al. 2003) . SOD enzymes catalyze the breakdown of superoxide into hydrogen peroxide and water and are therefore central regulators of ROS levels.
Deleterious mutations in these genes have been found to be associated with neurological diseases such as amyotrophic lateral sclerosis (Turner et al. 2005; Julien and Kriz 2006) but the current literature is controversial with regard to polymorphisms that lower risk for morbidity or that are associated with extended lifespan. For example, De Benedictis et al. (1998) did not find any age-dependent difference in the allelic or gentotypic frequency regarding SOD2 polymorphisms (T/C 401nt) in Italian centenarians compared to younger subjects matched for sex and geographic area. However, more recent research supports the potential role of the Ala16Val polymorphism in human aging with the AA genotype associated with increased risk for prostate and breast cancer, immunosenescence profile, as well as DNA damage (Taufer et al. 2005 ). Other studies have found MnSOD genotypes may modify individual cancer risk (Ambrosone et al. 1999; Mitrunen et al. 2001; Stoehlmacher et al. 2002; Woodson et al. 2003) . Nevertheless not all studies support this putative association (Egan et al. 2003; Lin et al. 2003; Hung et al. 2004 ).
Regulation of genome maintenance and repair DNA damage accumulates with age, and defects in genes responsible for DNA repair can lead to phenotypes resembling accelerated aging states such as Ataxia-telangiectasia (ATM), Dyskeratosis congenital (DKC1), Hutchinson-Gilford Progeria Syndrome (LMNA), Rothmund-Thomson Syndrome (RECQL4), and Werner Syndrome (WRN) although they are not completely synonymous with the aging process (Martin et al. 1999) .
Hutchinson-Gilford Progeria Syndrome (HGPS), for example, is characterized by hair loss, growth retardation, lack of subcutaneous fat, wrinkled (agedlooking) skin, osteoporosis, and arteriosclerosis with patients usually dying from cardiovascular disease before the age of twenty (Pollex and Hegele 2004; Hennekam 2006 ). Alzheimer-type dementia is not observed nor are other markers of aging such as intracellular deposits of lipofuscins. The most common form of HGPS is caused by a mutation in the human nuclear lamin A gene (LMNA) which codes for a group of proteins called lamins, which maintain the mechanical properties and shape of nuclei. Lamins are also distributed throughout the nucleoplasm, where they appear to be essential for DNA replication and RNA polymerase II transcription. Interest in the lamins has increased because mutations or incorrect processing cause more than a dozen different inherited diseases, ranging from striated muscular diseases, via fat and peripheral nerve cell diseases, to progeria (Broers et al. 2006) . The effects of less severe LMNA genetic variants on extended survival remain to be explored.
The Werner syndrome gene (WRN) encodes a novel helicase of 1,432 amino acids. Homozygous mutations, all of which result in the truncation of the protein, lead to Werner syndrome. However, little is known about the role of WRN in so-called normal aging. Some SNPs seem to be protective against age-related diseases. For example, the 1367 Arg allele of the WRN gene has been found to be associated with reduced risk for type 2 diabetes (Hirai et al. 2005 ) and myocardial infarction (Ye et al. 1997) in Japanese subjects. However, Castro et al. (1999) compared the frequency of the C1367A polymorphism in centenarians to that of newborns within the Finnish population, and found no differences in the proportions of 1367 Cys/Arg across age groups. These findings suggest no evidence of an association of this WRN polymorphism with longevity, at least in this population.
It has been suggested that at least some aspects of normal aging are the consequence of anti-cancer mechanisms designed to deal with damaged DNA pathways including those that reduce DNA damage levels from exogenous sources, replication errors and by-products of cellular respiration (Mitchell et al. 2003; Campisi 2003) . As unrepaired DNA damage leads to permanent changes in the genetic code that may be oncogenic, pathways that repair DNA damage are important anti-cancer mechanisms. In addition, there are anti-cancer pathways that respond to DNA damage by either preventing cellular replication or inducing cell death. Genes in these pathways code for proteins that reduce cancer incidence. Data from mouse models, many that were originally designed to study cancer, suggest that a potential consequence of DNA damage and response to DNA damage may be aging (Hasty 2005) .
Genes and pathways affecting cardiovascular disease
Avoidance or delayed onset of CHD and a better cardiovascular disease risk factor profile are important familial aspects of centenarian survival. For example, individuals with exceptional longevity and their offspring have been shown to have significantly larger high-density lipoproteins (HDL) and lowdensity lipoprotein (LDL) particle sizes, which confers protection against coronary heart disease ( Barzilai et al. 2003) . These individuals also had lower prevalence of hypertension, stroke, and metabolic syndrome. These phenotypes were associated with increased homozygosity for the 405 valine allele (VV genotype) in the cholesterol ester transfer protein (CETP) gene compared to controls. The authors hypothesized that lipoprotein particle sizes are heritable and larger particle sizes were associated with delayed aging. However, CETP deficiency and other polymorphisms in CETP were found to have no association with longevity in a study of Japanese centenarians, perhaps due to low CHD risk in Japanese (Arai et al. 2003) . Recent prospective analyses of a Japanese American male cohort from the Honolulu Heart Program, where CHD is more prevalent than in Japan, revealed a trend towards decreased CHD in the small number of men with the same intron 14 splicing defect .
A positional candidate gene for longevity identified from a genome-wide linkage scan among long-lived families in the US by Puca et al. (2001) involved in lipoprotein metabolism, microsomal triglyceride transfer protein (MTTP) was found to be suggestive of a link to human longevity. Two single nucleotide polymorphisms (SNPs) have been found to account for most of the variation at the MTTP locus and a haplotype that contains both of these was found to be significantly less frequent in long-lived individuals compared to younger controls (Geesaman et al. 2003) . However, this finding has not been supported in other ethnic groups (Beekman et al. 2006 ).
An insertion/deletion variant in the gene encoding ACE (angiotensin I-converting enzyme) has also been proposed to have links to longevity as an increased frequency of homozygotes for the D (deletion) allele was found in German octogenarians and these results were supported in a longitudinal (follow-up) study of Danish twins (Luft 1999; . Polymorphisms in ACE have been suggested to be involved in cardiovascular and renal diseases due to negative effects associated with vasoconstriction. However, two large studies of centenarians and younger controls failed to replicate these findings (Bladbjerg et al. 1999; Blanche et al. 2001) .
In contrast to almost all of the other candidate genes reviewed so far, cross-sectional analyses of apolipoprotein E (APOE) allele frequencies among different age groups have been strikingly consistent. The epsilon4 (APOE4) allele (deleterious type) among centenarians has been found to be about half as common as that of younger adults in numerous different ethnic groups (Christensen et al. 2006) . APOE plays an important role in regulating lipoproteins and is found in three forms: APOE2, APOE3 and APOE4. APOE4 has been consistently associated with a moderately increased risk of both cardiovascular disease and Alzheimer disease while APOE2 seems to confer protection. Risk also seems to increase for APOE4 carriers with negative environmental exposures such as head trauma, diabetes, atherosclerosis, or peripheral vascular disease, since these phenotypes are at even higher risk of cognitive decline (Jordan et al. 1997; Haan et al. 1999 ). (Takata et al. 1987; Akisaka et al. 1997) IL-6 Octo/nonagenarians vs. younger controls (Belfast study)
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Japanese centenarians More frequent in centenarians and may be related to increased resistance to age associated disease (Tanaka et al. 2000 677T/T (Val/Val) genotype less prevalent in elderly men (Heijmans et al. 2000 ) Swiss, healthy younger and older subjects 677T allele was 1.4 times less frequent in older individuals (Todesco et al. 1999) Table 2 outlines several genetic variants and associated biological pathways that have been implicated in human longevity, many of these genetic variants have been identified from centenarian studies.
The genetic epidemiology of exceptional longevity: challenges and opportunities From the previous discussion it seems clear that the length of the human lifespan appears to be controlled by a complex interaction of genetic, epigenetic and environmental factors. As has been observed for other complex traits, genetic control of the human lifespan is also likely to be determined by subtle variations in numerous "hub genes" that participate in multiple regulatory pathways, resulting in weak to moderate effects. The complexity of this phenotype is a challenge that has likely been slowing progress in this area. In order to identify longevity genes in human beings there are a number of different strategies available. The merits and demerits of some of the most common strategies are discussed below.
Approaches to identifying human longevity genes
In order to identify genes linked to a particular phenotype in humans, two types of approaches are commonly used: linkage approaches and populationbased association studies, both of which are being extended to human longevity research . Linkage analysis studies, in which gene loci can be found by co-segregation of a polymorphic marker allele with the phenotype under study, are particularly useful when one also has extended pedigrees from study subjects, which is rarely the case. However, linkage approaches using small core pedigrees or with long-lived sibpairs can also be performed. In the case of sibpairs, a greater than expected proportion of shared alleles between two sibs with the same phenotype indicates that a gene involved with this phenotype is located in a nearby region. Linkage analysis is not subject to confounding due to population stratification (differences in allele frequencies between subpopulations due to differences in ethnicity, geography, or historical population movements).
However, linkage studies usually can only detect loci with relatively strong effects. To achieve the statistical power needed for identification of the weak or moderate susceptibility factors that are likely to play a role in human longevity, DNA samples from a very large sample of long-lived individuals is required, as in the GEHA project (http://www.geha. unibo.it) which is collecting 2,650 long-lived (aged 90+) sibpairs from 11 European countries or the Long-life Family Study which also studies large numbers of long-lived families (http://www.biostat. wustl.edu/llfs). Another disadvantage of linkage analysis is that the identified chromosomal candidate regions are usually large and have to be narrowed by subsequent association and linkage disequilibrium studies in order to be able to localize specific genes.
Recent advances in ultra-high-throughput genotyping technology and statistical analysis have made population-based association studies, such as case-control studies, an attractive alternative. Although complete genome sequencing is not yet feasible for large studies, it is now possible to type a large number of common SNPs, which account for the majority of genetic variation in human genomes (Hirschhorn and Daly 2005) . Association studies, compared to linkage studies, provide more precise localization of susceptibility genes, often extending to only a few thousand base pairs.
Future investigations are increasingly turning to large-scale case-control studies in which entire genomes (or candidate genes representing functional pathways) are assessed for sequence variation and for association with longevity phenotypes. However, in order to avoid population stratification issues, casecontrol studies require that cases and controls be sampled from the same population Hirschhorn and Daly 2005) . Thus, the availability of large and appropriate study samples remains a substantial obstacle.
Study designs
Centenarians as representative of the longevity phenotype Centenarians represent a rare phenotype appearing in roughly 10-20 per 100,000 persons in most industrialized countries but as high as 40-50 per 100,000 persons in Okinawa, Japan ).
There are less than a dozen major research groups that investigate this unique phenotype, mainly in the U.S., Europe and Japan. Study populations have included isolated or ethnic groups of centenarians, mixed populations and populations from urban and rural areas. Selection of extreme phenotypes such as centenarians (and/or the oldest old) is likely to substantially increase power for detection of genes affecting longevity (Zhang and Risch 1996; Perls et al. 2002; Vijg and van Orsouw 2002; Perls and Terry 2003) . A sub-group of oldest-old individuals with good cognitive and physical function who have not suffered from major age-related diseases may be even better candidates as they likely represent a "healthy aging phenotype". Particularly valuable information about the heritability of the longevity trait may also be contributed by long-living persons who represent the top percentiles of long-lived birth cohorts (i.e. the 95th percentile and beyond) from their respective populations (Hadley and Rossi 2005) .
Who represent the best controls?
The case-control design usually calls for cases and controls that differ only with regard to the phenotype under investigation. Ideally, all other variables, such as environmental factors, ethnicity, and gender should be as similar as possible in order to minimize confounding effects (Hirschhorn and Daly 2005) . Long-term (preferably decades long) prospective cohort studies in which allelic variation in the long-lived group is compared with that of shorter lived controls are ideal but usually impractical, if not impossible. However, establishing "bio-banks" with stored samples will help to eliminate this problem in the future. At present, the most widely applied practical approach is one in which allele frequency in long-lived cases is compared with that of younger controls. However, a major problem associated with this type of study design is that we have no way of knowing how many of the controls will also live long.
Another methodological problem arises from the possibility that differences between the long-lived group and younger controls could be merely reflective of a change in population structure over time . This may be easily brought about through recent population movements and/or admixture. However, there are some approaches that can help to compensate for these issues. These methods can be classified into two categories. Genomic control methods use the independent marker loci to adjust the distribution of a standard test statistic, while structured association methods infer the details of population structure to testing for association. Both methods may help compensate for some of the genetic differences between cases and controls that can arise from the lack of appropriate matching (Pritchard and Donnelly 2001) .
The challenges of gene-environment interaction and other variables Longevity associated allelic variation is context-dependent and the risk of mortality attributable to genotypes may depend on interactions with environmental risk factors that in turn vary by age, gender, ethnicity, geography, historical time period and/or biocultural context. As such, genes may have beneficial effects at younger ages but detrimental effects at older ages or the opposite pattern may hold, a phenomenon referred to as antagonistic pleiotropy (Toupance et al. 1998; Capri et al. 2006) . Moreover, what may be good for men may not necessarily be beneficial for women. For example, some studies have found male or female-specific associations for certain polymorphisms and therefore stress the importance of gender as a major variable, suggesting that men and women may follow different trajectories to reach longevity (Lio et al. 2002) .
Some environments may be more challenging to achieve exceptional longevity. De Benedictis and Franceschi (2006) recently touched upon this problem when they concluded that due to a more challenging environment, a better genetic make-up may be required to attain longevity in southern Europe than in northern Europe. Similarly, the centenarian of today is almost assuredly different from the centenarian of a generation ago. Moreover, what may be true for centenarians of today may not necessarily be true for their grandchildren. Since gene pools of populations change in response to environmental factors it is risky to assume that the genetic makeup of the current oldest-old generation is identical to that of past or future cohorts living in very different environments. The oldest-old still surviving today in most developed countries were born before demographic and epidemiological transitions sculpted a new bio-cultural landscape that has largely eliminated the mortality risks that were common at the turn of the century.
Most younger cohorts have had the benefits of public health and modern life-saving medical technology, and most younger cohorts did not experience the world wars, socio-economic deprivation, or epidemics of deadly infectious disease that most of their forebears did. Thus, genetic variations that may have brought about the current generation of centenarians may not necessarily increase the life expectancy of a younger generation living in a vastly different biocultural /environmental milieu with a very different set of risk factors for morbidity and mortality.
Old genetic isolates may hold key to the new genetic research
Of particular interest to the genetic epidemiology of exceptional longevity is that several isolated subpopulations appear to have longevity advantages. Iceland, Sardinia, and Okinawa, which exist within the Nordic countries, Italy, and Japan, respectively, have significantly lower old-age mortality, extended survival, and higher prevalence of long-lived individuals than surrounding areas (Gudmundsson et al. 2000; Poulain et al. 2004 ; Japan Health and Welfare Bureau for the Elderly 2006). The precise reasons are unclear but this may be due, in part, to clustering of advantageous genetic variants. This longevity advantage effect appears particularly strong in Okinawa, which has the highest prevalence of centenarians in Japan, if not the world at approximately 50 centenarians per 100,000 people in 2006 (Japan Health and Welfare Bureau for the Elderly 2006). Although we must be cautious when comparing centenarian ratios cross nationally due to methodological differences in calculating centenarian ratios and rapid year to year growth rates (Willcox et al., unpublished data) , Figure 2 shows that prevalence of centenarians in Okinawa was substantially higher than other areas at 34/100,000 in the year 2002, in contrast to 16.5/100,000 in Sardinia, and approximately 10/100,000 in most Western countries (Japan Health and Welfare Bureau for the Elderly 2003; Poulain et al. 2004 ). This suggests a fertile location for exploring the genetics of human longevity.
As mentioned previously, large movements of people and subsequent gene admixture (mixing of two or more genetically different populations) are substantial confounding factors in genetic studies. Genetic admixture can be seen in just one generation. These changes are of particular concern in countries with a large number of recent immigrants, such as the U.S. when using centenarians as a phenotype of longevity . Even Caucasians in the U.S. are a markedly admixed population from diverse European origins. Therefore, the genetic composition of a U.S. centenarian sample is likely to differ substantially from that of a younger control population simply due to different migration patterns over different generations. Inappropriate matching of cases and controls under even modest levels of population stratification can cause both false-positive and falsenegative findings. These problems do not exist in Okinawa for older generations, which have seen extremely limited immigration (Kerr 2000) . Furthermore, population isolates are considered to be more useful in genome-wide association studies owing to increased linkage disequilibrium and decreased allelic diversity. This has recently been empirically demonstrated in a Pacific Island population where the longrange linkage disequilibrium around common alleles and limited diversity resulted in much improved efficiency in a genome wide association study, significantly augmenting the power to detect association of SNPs with particular complex phenotypes (Bonnen et al. 2006) .
With the exception of our work on HLA genetic variants and two family studies there has been little study of the genetic determinants of longevity in this interesting population. However, a recent investigation of mitochondrial gene variants in Japan supports our past genetic work and argues strongly for further exploration of this population's unique genotype (Tanaka et al. 2004 ). This study suggests that Okinawans may be a genetically distinct group that has several characteristics of a founder population, including less genetic diversity, and possess at least one mitochondrial haplotype (M7) linked to human longevity that has clustered in higher frequency than surrounding East Asian populations. Further work in this population would be of significant interest to the genetics of human longevity.
The future
Despite the observation that there is substantial genetic contribution to human longevity, little is known about what specific genetic effects are involved. As longevity is a very complex trait, several issues challenge our ability to identify its genetic influences, such as control for environmental confounders across time, the lack of precise phenotypes of aging and longevity, availability of appropriate study populations, statistical power, and study design. While recent advances in human genomics have made a comprehensive search for such genetic effects feasible, the aforementioned challenges still need to be met. There is a strong need for validation as well as replication of initial association findings in very large samples from a variety of different populations and sub-populations. Genetic background, age, gender, gene-environment interactions and other variables need sufficient consideration.
Moreover, the role of genes as modifiers of human lifespan requires rigorous testing through functional analyses before they can be regarded as genuine longevity genes. Recent studies have shown that the search for genes with moderate effects on complex traits at a whole-genome scale is now feasible and efforts in identifying specific genetic contributions to human longevity have begun to bear fruit. Given the appropriate study design, study populations and collective expertise we believe that significant advances will occur in the understanding of the genetics of human longevity in the coming years, the ultimate aim of which is to minimize disease and disability as we age.
